The treatment of post-inflammatory hyperpigmentation (PIH) remains challenging. Tranexamic acid, a well-known anti-fibrinolytic drug, has recently demonstrated a curative effect towards melasma and ultraviolet-induced PIH in Asian countries. However, the precise mechanism of its inhibitory effect on melanogenesis is not fully understood. Objective: In order to clarify the inhibitory effect of tranexamic acid on PIH, we investigated its effects on mouse melanocytes (i.e., melan-a cells) and human melanocytes. Methods: Melan-a cells and human melanocytes were cultured with fractional CO2 laser-treated keratinocyte-conditioned media. Melanin content and tyrosinase activity were evaluated in cells treated with or without tranexamic acid. Protein levels of tyrosinase, tyrosinase-related protein (TRP)-1, and TRP-2 were evaluated in melan-a cells. Signaling pathway molecules involved in melanogenesis in melanoma cells were also investigated. Results: Tranexamic acid-treated melanocytes exhibited reduced melanin content and tyrosinase activity. Tranexamic acid also decreased tyrosinase, TRP-1, and TRP-2 protein levels. This inhibitory effect on melanogenesis was considered to be involved in extracellular signal-regulated kinase signaling pathways and subsequently microphthalmia-associated transcription factor degradation. Conclusion: Tranexamic acid may be an attractive candidate for the treatment of PIH. (Ann Dermatol 27(3) 250∼256, 2015)
INTRODUCTION
Pigmentation disorders are common skin diseases whose dermatologic treatment remains challenging. Although pigmentation disorders can occur in both sexes regardless of skin type, they are more problematic in people with darker complexions, such as Asians 1 . In this context, postinflammatory hyperpigmentation (PIH) after cosmetic procedures including laser treatment and peeling is an important issue that decreases treatment satisfaction in Asian women. Tyrosinase is the key enzyme involved in this process and regulates the rate-limiting steps of melanogenesis 2 . Therefore, many studies have focused on finding tyrosinase inhibitors 3 . Accordingly, tyrosinase inhibitors including hydroquinone, ascorbic acid, kojic acid, and arbutin have been applied for the treatment of hyperpigmentation 1 .
However, studies aiming to find more effective and safe treatments for hyperpigmentation are ongoing. Tranexamic acid (trans-4-amino-methylcyclohexanecarboxylic acid, TA) has recently been used to reduce pigmentation in melasma and ultraviolet-induced hyperpigmentation [4] [5] [6] [7] . TA is a well-known anti-fibrinolytic agent that inhibits the plasmin/plasminogen system; thus, it has been used to prevent blood loss during surgery 8 . In addition to its hemostatic effects, TA exhibits anti-allergic and anti-inflammatory effects on various skin diseases such as an-gioedema 7 . Its anti-inflammatory mechanism appears to be related to its inhibitory effect on melanogenesis 6, 7 .
However, the exact action mechanisms of TA on melanogenesis and its related pathways have not been elucidated. Moreover, most previous reports of its inhibitory effects on melanogenesis in vitro involved the condition of ultraviolet-induced hyperpigmentation using animal skin or melanocytes 5, 6 . Therefore, it is necessary to determine the effects and mechanism of TA on laser-induced hyperpigmentation as well as on human melanocytes. Therefore, this study investigated the effects of TA on murine and human melanocytes under laser-induced melanin production. In addition, we studied the effects of TA on the expressions of enzymes responsible for melanogenesis as well as melanogenesis-related signal transduction pathways.
MATERIALS AND METHODS

Cell culture
HaCaT keratinocytes, a spontaneously immortalized human keratinocyte cell line, were cultured in Dulbecco's modified Eagle medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 units/ml penicillin and 100 mg/ml streptomycin at 37 o C in a 10% CO2 atmosphere in a humidified incubator. Murine melanocytes (melan-a cells) originally derived from C57BL/6 J (black, a/a) mice were a generous gift from Prof. Dorothy C. Bennett (St. George's Hospital, London, UK). Melan-a cells were cultured in RPMI 1640 medium (Sigma-Aldrich Co., St. Louis, MO, USA) containing 10% heat-inactivated FBS, 100 units/ml penicillin, 100 mg/ml streptomycin, and 200 nM phorbol 12-myristate 13-acetate at 37 o C in 10% CO2. The culture medium was changed twice weekly, and the cells were subcultured once weekly. B16F10 mouse melanoma cells were obtained from the American Type Culture Collection (Manassas, VA, USA). B16F10 cells were cultured in Dulbecco's modified Eagle medium supplemented with 100 units/ml penicillin, 100 mg/ml streptomycin, and 10% FBS. The cells were then incubated in 5% CO2 at 37 o C and subcultured every 3 days.
Laser-treated keratinocyte-conditioned medium
HaCaT keratinocytes (6×10 4 cells/ml) were seeded in 24-well plates and treated in serum-free conditions with a fractional CO2 laser (eCO2; Lutronic, Seoul, Korea). Each treatment session used pulse energy of 100 mJ per fixed 8-mm-diameter microbeam at a density of 100 spots/cm 2 .
After 24 hours, the supernatant medium was harvested, mixed 1：1 with RPMI 1640 medium, and supplemented with 10% heat-inactivated FBS, 100 units/ml penicillin, 100 mg/ml streptomycin, and 200 nM phorbol 12-myristate 13-acetate to make laser-treated keratinocyte-conditioned medium (LT-KCM 
Measurement of inflammatory mediators in conditioned media
Measurement of melanin content
The melanin contents of melan-a cells and human melanocytes grown in KCM and LT-KCM were determined. Melan-a cells (2×10 4 cells/ml) were seeded on 48-well plates with 10, 50, and or 100 mg/L TA (Hangzhou Huajin Pharma Co. Ltd., Hangzhou, China) in LT-KCM in triplicate. Similarly, human melanocytes (5×10 4 cells/ml)
were seeded on 24-well plates with 10, 50, and or 100 mg/l TA in LT-KCM in triplicate. The medium was changed daily. After 5 days of culture, the cells were lysed with 1 ml 1 N NaOH. Then, 200 ml of each crude cell extract was transferred to 96-well plates. Melanin content was measured by a microplate reader (Molecular Devices Inc., Sunnyvale, CA, USA) at 405 nm and adjusted by total protein content in consideration of cell viability. Protein content was determined by the Bradford method using Bio-Rad protein assay kit (Bio-Rad Laboratories Inc., Hercules, CA, USA). Arbutin (Sigma-Aldrich Co.), a well-known melanogenesis inhibitor, was used as a positive control.
Measurement of tyrosinase activity
The tyrosinase activities of melan-a cells and human melanocytes grown in KCM as well as that of melan-a cells grown in LT-KCM were determined. Melan-a cells were pretreated with arbutin and 10, 50, and or 100 mg/L TA for 3 days, washed twice with ice-cold phosphate-buffered saline, and lysed in lysis buffer (PO4 buffer 80 mM+1% Triton X-100+PMSF 100 mg/ml) for 2 hours in a deep freezer. Lysates were centrifuged at 12,000g for 15 minutes to remove insoluble material. Protein content was determined by the Bradford method using Bio-Rad protein assay kit. A 50-μl aliquot of the samples was mixed with 100 ml sodium phosphate 100 mM (pH 7.0) at 37 o C for 5 minutes, followed by the addition of 50 ml l-DOPA 100 mM. After incubation at 37 o C, absorbance was measured at 475 nm using a microplate reader.
Western blot analysis
Melan-a cells (5×10 5 cells/ml) were seeded on 60-mm culture dishes and treated with TA (10, 50, and or 100 mg/L). After 3 days of incubation, the cells were lysed with radioimmune precipitation assay buffer (SigmaAldrich Co.), and protein concentrations were determined using a Bio-Rad protein assay kit. Equal amounts of proteins were boiled for 3 minutes, chilled on ice, subjected to 8% to 10% sodiumdodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to a nitrocellulose membrane (Amersham International, Little Chalfont, UK). After the membranes were blocked using 5% skim milk in Tris-buffered saline containing 0.1% Tween 20 for 1 hour, they were incubated with primary polyclonal anti-tyrosinase antibody, anti-tyrosinase-related protein (TRP)-1 antibody, and anti-TRP-2 antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). The membranes were subsequently incubated with the secondary antibody horseradish peroxidase-conjugated rabbit anti-goat immunoglobulin G antibody (Santa Cruz Biotechnology Inc. 
Statistical analysis
Statistical analyses were performed by SPSS ver. 12.0 (SPSS Inc., Chicago, IL, USA). Each experiment was performed at least 3 times, and the results are expressed as mean±standard deviation. The statistical significance of the differences between groups was assessed by Student's t-test. The level of significance was set at p＜0.05.
RESULTS
Inflammatory mediators in conditioned media
As KCM itself can induce melanogenesis 7 , we measured the concentrations of inflammatory mediators in both KCM and LT-KCM. IL-1α, IL-8, and PGE2, which contribute to the activation of melanocytes during inflammation 9 ,
were detected. The release of these mediators was significantly higher in LT-KCM (p＜0.01), indicating laser treatment induced more inflammatory mediators (Fig. 1) .
Effects of laser-treated keratinocyte-conditioned medium on melanin synthesis and tyrosinase activity
Both melan-a cells and human melanocytes grown in the presence of LT-KCM showed increased melanin content (adjusted for protein content) ( Fig. 2A, B) . Tyrosinase activity was significantly higher (p＜0.01) in melan-a cells cultured with LT-KCM than without (Fig. 2C) .
Effects of tranexamic acid on melanin synthesis and tyrosinase activity
TA inhibited melanin synthesis in LT-KCM. TA-treated melan-a cells exhibited a dose-dependent reduction in melanin content adjusted by protein content (Fig. 3) . In human melanocytes grown in LT-KCM, 10, 50, and 100 mg/L. TA seemed to inhibit melanin content; however, the inhibition was not significant (p=0.296, 0.238, and 0.584, respectively; Fig. 4) . Although arbutin and 100 mg/L TA markedly reduced melanin content without adjustment (data not shown), the decreased protein content affected the adjusted melanin content. Furthermore, TA significantly reduced tyrosinase activity in melan-a cells in a dose-dependent manner (Fig. 5) . This finding corresponded with the reduction in melanin content in melan-a cells (Fig. 3) . 
Fig. 7.
Tranexamic acid (TA) stimulated the extracellular signal-regulated kinase (ERK) signaling pathway and decreased protein levels of microphthalmia-associated transcription factor (MITF). Protein levels of ERK, phosphorylated ERK (p-ERK), and MITF after TA treatment were evaluated by western blot analysis using B16F10 cells. Sustained activation of ERK was observed; in particular, p-ERK was elevated until 24 hours after TA treatment. MITF protein level decreased in a time-dependent manner.
Fig. 6.
Tranexamic acid (TA) decreased protein levels of melanogenesis-related enzymes. Protein levels of tyrosinase, tyrosinase-related protein (TRP)-1, and TRP-2 were higher in melan-a cells cultured with laser-treated keratinocyte-conditioned medium (LT-KCM) than keratinocyte conditioned medium (KCM) (CTL1 vs. CTL2) in western blot analysis. However, after TA treatment, their protein levels decreased in a dose-dependent manner. Arbutin (A100) was used as a positive control, and equal protein loading was confirmed by using β-actin. CTL1: control 1 (KCM without laser treatment), CTL2: control 2 (LT-KCM), A100: arbutin 100 mg/L, T10: 10 mg/L TA, T50: 50 mg/L TA, T100: 100 mg/L TA.
Effects of tranexamic acid on expressions of melanogenesis-related enzymes
In order to clarify the inhibitory effect of TA on melanogenesis, the protein levels of tyrosinase, TRP-1, and TRP-2 in melan-a cells were investigated by western blot analysis. Tyrosinase, TRP-1, and TRP-2 protein levels were elevated in melan-a cells cultured with laser-treated KCM (Fig. 6) . However, after TA treatment, their protein levels decreased in a dose-dependent manner, which was confirmed by image analysis quantifying the densities of each band (data not shown).
Effects of tranexamic acid on expressions of signaling pathway molecules involved in melanogenesis
On the basis of the above results, we hypothesized TA affects the expressions of MITF, which plays a key role in melanogenesis. Therefore, we evaluated MITF protein expression after TA treatment in B16F10 cells. We also studied the ERK signaling pathway, which is known to be involved in MITF phosphorylation and degradation 10 . TA induced sustained activation of ERK; in particular, phosphorylated ERK was elevated until 24 hours after TA treatment (Fig. 7) . Meanwhile, MITF decreased in a time-dependent manner.
DISCUSSION
TA has been used in Japan for decades to treat melasma.
However, there was no report of its melanogenesis-inhibiting effect or action mechanism in English until 1998. TA is a well-known plasmin inhibitor. It blocks the conversion of plasminogen to plasmin by inhibiting plasminogen activator through the formation of a reversible complex with plasminogen 7, 11 . In 1998, Maeda and Naganuma 6 reported ultraviolet-induced hyperpigmentation and pigmentation induced by topical application of arachidonic acid in guinea pigs were reduced by topical application of TA in a dose-dependent manner. They suggest TA inhibits ultraviolet-induced plasmin activity in keratinocytes by preventing the binding of plasminogen to the keratinocyte, which ultimately results in less free arachidonic acid and diminished ability to produce prostaglandins 6 . This was the first report demonstrating that TA prevents ultraviolet-induced pigmentation in vivo. Maeda and Tomita 7 published another interesting study in 2007 7 . They showed that single-chain urokinase-type plasminogen activator (sc-uPA) generated by keratinocytes increased the activity of melanocytes in vitro and that TA might reduce hyperpigmentation of melasma patients by blocking the effect of sc-uPA. These findings collectively suggest TA acts by blocking sc-uPA and plasmin, which ultimately prevents arachidonic acid and prostaglandin synthesis. In the present study, TA reduced melanin synthesis in both cultured murine and human melanocytes in LT-KCM, a highly inflammatory condition. As shown in Fig. 1 , this medium contained high levels of inflammatory mediators including IL-1α, IL-8, and PGE2. In the previous study mentioned above 7 , KCM itself stimulated melanocyte activity. Melanocytes stimulated by IL-1 and tumor necrosis factor-α contribute to cutaneous inflammation via IL-8 9 . Moreover, prostaglandins, which are well-known inflammatory mediators, act as melanogenic stimulators 9, 12 .
In particular, PGE2 is reported to stimulate tyrosinase activation via prostaglandin E receptor 4 signaling, resulting in cyclic adenosine monophosphate production 13 . These inflammatory mediators were significantly higher in the fractional CO2 LT-KCM in the present study than KCM without laser treatment. This suggests laser treatment induces more intense inflammatory conditions that might lead to melanogenesis. As expected, melanin content and tyrosinase activity were higher in LT-KCM than the control media (Fig. 2) . Several recent reports demonstrate the usefulness of LT-KCM for evaluating changes of melanogenic cytokine profiles 14, 15 . Although LT-KCM has an intrinsic limitation in representing PIH, it adequately reproduces the intense inflammatory conditions leading to melanogenesis. Although TA reduced melanin content and tyrosinase activity in melan-a cells in LT-KCM, the effect of TA on cultured human melanocytes was not definitive in the present study. The amount of melanin was markedly reduced, especially with arbutin and 100 mg/L TA treatment. However, the decrease of melanin content as a percentage of the control was not statistically significant; a similar result was found even in the arbutin group (positive control). This is likely because the human melanocytes were much more vulnerable to laser treatment and/or test compounds (e.g., arbutin and TA) than melan-a cells. Damaged human melanocytes might consequently affect the results of protein assays and adjusted melanin contents. Tyrosinase is the rate-limiting enzyme in melanin biosynthesis. Therefore, melanin content in cells is correlated with tyrosinase protein level and catalytic activity 16 . The present results suggest TA may inhibit melanin synthesis, decreasing melanin content and tyrosinase activity (Fig. 3∼5) . Concordantly, tyrosinase protein levels in melan-a cells decreased with TA in a dose-dependent manner (Fig. 6) . These results suggest TA downregulates cellular tyrosinase activity in melanocytes or possibly the transcription of tyrosinase mRNA; this suggestion is based on the capability of TA to decrease TRP-1 and TRP-2 levels in addition to tyrosinase levels, because these melanogenic enzymes are regulated by the same key transcription factor, MITF. The effect of TA on MITF protein expression was elucidated by evaluating MITF protein level after TA treatment (Fig. 7) . As previous studies show ERK activation leads to MITF phosphorylation and subsequent degradation 10, 17, 18 , we also evaluated protein levels of unphosphorylated and phosphorylated ERK. TA stimulated the ERK signaling pathway and downregulated MITF protein level (Fig. 7) . Interestingly, ERK phosphorylation was strongly induced 24 hours after TA treatment, whereas MITF protein was detected only 24 hours after TA treatment. These findings are concordant with previous observations that the activation of the ERK signaling pathway induces MITF degradation, resulting in reduced melanogenesis 10, 17, 18 . Furthermore, our results support our hypothesis that TA itself attenuates melanogenesis by regulating tyrosinase transcription in addition to its well-known anti-inflammatory effect. In summary, TA reduces inflammation-induced melanogenesis by decreasing tyrosinase protein expression, which involves ERK pathway activation and the subsequent decrease of MITF protein expression. Our findings suggest TA has potential for the treatment of PIH after laser treatment, a common concern in people with darker skin complexions.
